Magnetization and in-field Mössbauer measurements were performed on copper ferrite nanoparticles with average sizes ranging from 3.5 to 10.4 nm. Our results show that the nanoparticles are well-crystallized single domains with a magnetically disordered surface shell. A sharp increase in the saturation magnetization at low temperatures, in addition to the usual modified Bloch behavior, was observed for the smallest particles. This jump in magnetization curves seems to be related to the freezing of the surface spins below a temperature of about 45 K.
I. INTRODUCTION
Magnetic properties of nanosized particles are a subject of great interest due in part to their use in high-density information storage, 1 electronics and optoelectronics, 2 and also in biological applications. 3 For magnetic particles at the nanometric scale, the spatial confinement induces finite-size effects of the magnetic core and the existence of an interface leads to an incomplete and distorted atomic surrounding in the surface shell. 4 Surface effects are related to the broken exchange bonds which reduce the coordination of surface cations and modify the superexchange near the surface. 5 Spin canting at surface ions of ferrite magnetic nanoparticles has been revealed by Mössbauer spectra in applied fields. 6 Magnetization measurements in amorphous ferromagnetic nanoparticles 7, 8 have shown a large surface magnetic contribution: This contribution rapidly increases with decreasing temperature and was associated to high surface anisotropy. Studies of low-field zero-field-cooled ͑ZFC͒ and field-cooled ͑FC͒ magnetization curves of ␥-Fe 2 O 3 nanoparticles 9 evidence the existence of a spin-glass-like surface layer that undergoes a magnetic transition to a frozen state below T F ϳ 42 K. 9 Indeed, magnetization measurements in ultrafine ␥-Fe 2 O 3 particles 10 have recently shown that the saturation magnetization presents a sharp increase for temperatures typically lower than 70 K. Such behavior, more pronounced at decreasing particle size, has also been associated to the contribution of disordered surface spins that freeze in a disordered state.
In this work, we present low-temperature magnetic measurements performed on powder of copper ferrite nanoparticles chemically synthesized by hydrothermal coprecipitation in order to produce electric double-layered magnetic fluid ͑EDL-MF͒. 11 At the nanometer scale, due to finite-size effects, the spin-wave spectrum is modified and the magnetization is better accounted by a T ␣ power law, 12 with a Bloch exponent larger than its bulk value. Such results have been confirmed in our copper ferrite nanoparticles 13 using the analysis of the magnetization temperature dependence, from typically 50 K until room temperature. Here, we focus on the results at temperatures lower than 50 K and our measurements point the effect of the misaligned surface spins in the thermal dependence of the saturation magnetization.
II. EXPERIMENTAL DETAILS

A. Sample synthesis
The spinel CuFe 2 O 4 nanoparticles were prepared by hydrothermal coprecipitation in alkaline medium of a ferrite stoichiometric mixture of aqueous solutions of CuCl 2 with FeCl 3 . Then, the particles were conveniently peptized in aqueous medium, resulting in a stable sol of high quality. A colloidal size-sorting process was performed in order to obtain samples of different mean sizes and low polydispersity, 14 generally lower than 0.2. In this work, the initial ferrofluid sample is named E0 and the size-sorted samples are called E11, E12, E2, E21, and E22. All of our measurements were made on powders obtained after evaporation of the liquid carrier.
B. Synthesized nanoparticle size
Structural investigations of the synthesized nanoparticles were performed by x-ray diffraction, also allowing the crystalline mean size to be determined. Transmission electronic microscopy ͑TEM͒ was done in a JEOL 100CX2 and the obtained pictures were used to characterize the morphology as well as to determine the nanoparticles mean diameter.
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C. Magnetic characterization
Mössbauer measurements were performed with a conventional constant-acceleration spectrometer in transmission geometry with a source of about 50 mCi 57 Co in a Rh matrix, in the presence of an applied magnetic field of 8 T parallel to the direction of the incident ␥ rays. Magnetization measurements were carried out between 4.2 and 300 K in fields up to 90 kOe, using a vibrating sample magnetometer.
III. RESULTS AND DISCUSSION
The inset of Fig. 1 presents the TEM picture obtained for sample E12 showing that the particles are spherical. Figure 1 displays a size histogram for the same sample, fitted with a log-normal distribution law from which the average diameter d 0 and dispersion were determined. Mean particle sizes were also determined from x-ray powder diffractograms using the Scherrer equation. Results for all samples are collected in Table I .
The results of Table I demonstrate the efficiency of the size-sorting method used, as the polydispersity of the initial sample = 0.35 was reduced to values smaller than 0.2 after two steps in the sorting process. Figure 2 exhibits typical in-field Mössbauer spectra recorded at 4.2 K. As a consequence of the ferrimagnetic ordering between the spins of Fe 3+ irons at A and B sites, the external field adds to the magnetic hyperfine field at A site and subtracts from the one at B site, thereby separating the otherwise unresolved sextets. 15 The second and fifth lines of the corresponding sextets have vanishing intensity since the spins are collinear to the ␥-ray direction.
As Fig. 2 shows, a third sextet was required to correctly fit the spectra. This extra contribution, with nonzero intensity at lines 2 and 5, is attributed to Fe 3+ surface spins which are canted with respect to the field direction. 6 Thus, experimental data were fitted with the superposition of three subspectra, two accounting for Fe 3+ in the sites A and B of the spinel structure and the third associated with Fe 3+ ions on the surface. The cation distribution and the fraction of canted spins were deduced from the relative areas of the corresponding sextets. The inset of Fig. 2 displays the canted spin fraction.
By writing the fraction of canted spins as the ratio between the volumes of the misaligned spin surface shell and the whole particle, one can determine the thickness e of the surface layer. The obtained values are listed in Table 1 and show that this thickness is not maximized for the sample based on smallest particle mean sizes, a puzzling result that is yet comparable to similar experimental results obtained for ␥-Fe 2 O 3 nanoparticles. 16 The ratio 2e / d XR probably represents in a better way the importance of the disordered surface shell since it corresponds to the proportion of the shell thickness in the nanocrystalline diameter, and as it can be seen in Table I , this value increases as the nanoparticle size decreases.
Our CuFe 2 O 4 nanoparticles are superparamagnetic and their magnetic dynamics behavior has recently been investigated by measuring the thermal variation of the ZFC susceptibility 17 showing that their blocking temperatures vary from 40.6 K for sample E11 to 156.8 K for sample E22. Figure 3 shows, for samples E11 and E22, the semilogarithmic representation of the temperature dependence of the saturation magnetization M S , deduced from hysteresis loops. As an example, the inset of Fig. 3 displays a typical M ϫ H   FIG. 1 . Typical nanoparticle size histogram fitted with a log-normal distribution law. The inset displays the TEM picture for sample E12. loop and shows the determination of M S , corresponding to the magnetization value measured at the maximum value of our applied field, equal to 90 kOe. Indeed, in our measurements performed at large field, the magnetic moment associated to the well-ordered nanoparticle core is saturated and blocked in the direction of the applied field, preventing the Néel relaxation. The line in Fig. 3 is a guideline that permits to better visualize the smooth variations of M S ͑T͒ associated to the magnetic core behavior, and the core magnetization extrapolated to T =0 K, M S ͑0͒, is given in Table I . For temperatures lower than approximately 50 K, both samples exhibit different behaviors. The magnetization of sample E11 ͑3.5 nm mean size͒ presents a steep rise, reaching about 10% of the global magnetization value. This increase, associated with surface spin contribution, represents an additional contribution not included in the modified Bloch law behavior resulting from spatial confinement. 12 In contrast, sample E22 ͑10.4 nm mean size͒ presents smooth variations on the whole temperature range. Figure 4 shows, for samples based on smaller mean sizes, the normalized thermal variation of the additional contribution ⌬M S ͑T͒ = M S ͑T͒ − M S ͑0͒, here introduced in a phenomenological way and associated to the contribution of the canted spins which freeze into a disordered phase. This term is well described by a linear relationship:
with T F = 45± 3 K, irrespective of particle size. Thus, T F is a surface freezing temperature above which the surface contribution to the magnetization vanishes. As mentioned above, for low temperatures, such a sharp increase of the magnetization has been already evidenced for ferrite nanoparticles but never carefully measured as a function of nanoparticle size. It has been attributed to misaligned surface spins due to broken exchange bonds. Those spins fluctuate more freely at high temperatures than those from the core and freeze progressively at low temperatures into a disordered structure. 18, 19 Such a progressive surface spin freezing has already been observed in maghemite nanoparticles using several dynamic techniques such as ac susceptibility measurements 19 and quasielastic neutron scattering.
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IV. CONCLUSIONS
In-field Mössbauer spectra have revealed the existence of canted spins at the surface, whose relative fraction increases with decreasing particle size. The saturation magnetization showed deviations from the Bloch law for temperatures lower than T F ϳ 50 K. This additional contribution could be associated to the canted surface spins which freeze progressively into a disordered state.
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